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LANGLEY HOTSHOT TUNNEL OPERATIONS WITH HELIUM
AT MACH NUMBERS IN EXCESS OF 30*

By Charles G, Miller III
Langley Research Center

SUMMARY

An exploratory study to generate extremely high Mach number helium flow in the
Langley hotshot tunnel has been performed., Variations in reservoir pressure from 3000
to 28 000 1b/in2 (20.7 to 193.0 MN/m2), in reservoir temperature from 15000 to 11 000° R
(8339 to 6111° K), and in geometric-area ratio from 3 X 103 to 8 x 104 resulted in a range
of Mach numbers from 30 to 70. The tunnel starting transient time was similar to that
obtained with nitrogen as the test gas; however, the total run time in helium was approxi-
mately one-third that in nitrogen. A marked effect of variation of reservoir pressure and
temperature on Mach number was observed for a given nozzle geometric-area ratio, with
the Mach number increasing with increasing reservoir pressure and decreasing reservoir
temperature. The conical nozzle produced an axial variation in Mach number of 0.5 per-
cent per inch (0.2 percent per cm), The nozzle boundary-layer thickness (as determined
from pitot-pressure profiles) and displacement thickness were correlated, with the use of
Reynolds number evaluated at a reference temperature, to within +20 percent, and an
existing empirical method for predicting nozzle boundary-layer displacement thickness in
nitrogen was modified and extended to the Mach 30 to 60 region in helium. Semiempirical
relations for predicting free-stream and postnormal-shock conditions, when only reservoir
conditions and nozzle geometry are known, are presented. This study indicates that hot-
shot tunnels provide a convenient, relatively inexpensive means of generating helium flow
conditions covering a substantial portion of the earth entry corridor for return from
planetary exploration (in terms of simulation parameters — that is, Mach number and
free-stream Reynolds number) without requiring modification of existing hardware.

INTRODUCTION

As proposed space missions extended in scope to cislunar and translunar objec-
tives, the need for experimental information from ground facilities concerning flow

*The material presented herein is based on a thesis submitted in partial fulfillment
of the requirements for the degree of Master of Science in Engineering Mechanics,
George Washington University, Washington, D.C., Apr. 1970.



characteristics about proposed entry configurations at Mach numbers in excess of 20
became apparent, One method of obtaining very high Mach numbers in a wind tunnel is
to employ a test gas such as helium which requires less expansion than air or nitrogen
to reach a given Mach number. Helium has been employed as the flow medium in con-
ventional wind tunnels since the early 1950's and has thereby provided a means for per-
forming fundamental fluid mechanic studies at hypersonic Mach numbers to approxi-
mately 26. One of the primary reasons for using helium is that it liquefies at a very low
temperature; hence, Mach numbers up to approximately 26 can be generated in a wind
tunnel without preheating the helium prior to expansion.

To extend the Mach number upwards into the range realized in cislunar and trans-
lunar missions, conventional facilities would require a means of preheating the helium to
prevent flow condensation. Since the Langley hotshot tunnel had ample energy available
for heating the test gas and was designed in such a way that the ratio of geometric nozzle-
to-throat cross-sectional area could be varied rapidly, it was believed that this facility
could possibly be utilized to generate Mach numbers greater than 30 with helium as the
test gas. The Langley hotshot tunnel would then provide a convenient, relatively inex-
pensive means of simulating a substantial portion of the earth entry corridor (in terms of
the simulation parameters — that is, Mach number and free-stream Reynolds number)
for return from cislunar and translunar missions. Therefore, the present study was ini-
tiated to determine the feasibility of using helium as the test gas in this tunnel.

In this study, the effect of wide ranges of reservoir pressure and temperature, of
nozzle-throat diameter and geometry, and of nozzle axial station on decay of reservoir
conditions, total tunnel run time, flow quality, various nozzle test-section flow param-
eters, and nozzle boundary-layer characteristics was examined. Results presented
include correlations of the nozzle boundary-layer thickness and displacement thickness,
derivation of semiempirical relations for predicting free-stream and postnormal-shock
conditions, and a pressure distribution measured on a spherically blunted cone at

Mach 60,

SYMBOLS
The physical quantities in this paper are usually given both in U.S. Customary Units

and in the International System of Units (SI) (ref. 1). Conversion factors relating these
two systems of units are presented in the appendix for use in converting when only one

system is given.

a speed of sound

A area




A/A* ratio of nozzle cross-sectional area to throat cross-sectional area
C capacitance

C9,C3,C4 real-helium correction factors

Cp specific heat at constant pressure

d diameter

E total electrical energy in capacitors, %NCVZ
h enthalpy

L vehicle length

l length of cylindrical nozzle-throat section
M Mach number

m mass-flow rate

N number of capacitors

Nkn Knudsen number

Npyr Prandtl number

NRe Reynolds number

p pressure

qa dynamic pressure

R universal gas constant

r radius

re recovery factor



distance along model surface, measured from model stagnation point at

zero angle of attack
temperature
elapsed tunnel run time
total tunnel run time
velocity
reservoir volume
initial capacitor voltage
molecular weight
nozzle axial distance from nozzle apex
lateral distance from nozzle center line
ratio of specific heats
nozzle boundary-layer thickness
nozzle boundary-layer displacement thickness
energy transfer efficiency
nozzle half-angle
mean free path
coefficient of viscosity
density

nozzle-throat total entrance angle



Subscripts:

aw

eff

geo

ref

Sp

t,1

t,2

adiabatic wall conditions

initial reservoir conditions

effective (based on mass flow considerations)
geometric

ideal-helium conditions

model nose

based on reference temperature

surface length from model stagnation point to model base
reservoir stagnation conditions following arc discharge
stagnation conditions behind normal shock

nozzle wall

nozzle axial distance from nozzle apex

free-stream conditions

static conditions immediately downstream of normal shock

Superscript:

conditions at nozzle throat

A bar over a symbol denotes average value across inviscid core.

FACILITY AND APPARATUS

The Langley hotshot tunnel (fig. 1) is an arc-heated, impulse-type, blowdown facility,
the major components of which include a 1.9 X 103-Btu (2-MJ) capacitor bank with an



electrical charging unit, a constant-volume arc chamber incorporating coaxial electrodes
(fig. 2), a 10° total-divergence-angle conical nozzle and test section, a 10° total-entrance-
angle cone-cylinder diffuser having a ratio of exit to entrance area of 0.55, and a vacuum
tank. A more detailed description of this facility is presented in references 2 and 3.

Lateral pitot-pressure surveys in the nozzle test section were made with the
19-probe survey rake, having a probe spacing of 1 inch (2.54 cm). (See fig, 3.) This
survey rake represents a carryover from the nitrogen calibration study of reference 3.
The inside diameter of the rake probes was 0.0625 inch (1.59 mm), and the length from
the probe end to the leading edge of the 30° total-angle wedge section was 1.5 inches
(3.81 cm). Each rake probe was provided with a contamination trap so as to minimize
possible damage to the pressure transducer resulting from impact of solid contaminants
in the flow. The support system consisted of a cylindrical sting, having a length of
40 inches (1.02 meters), in conjunction with a double-legged strut. The sting was adapted
to the strut by a cylindrical sleeve; hence, the survey rake could be positioned at nozzle
axial stations ranging from approximately 103 inches (2.62 meters) (at this station, the
end probes of the survey rake would be nearly in contact with the nozzle wall) to 130 inches
(3.30 meters) by simply sliding the sting within the sleeve. In the present investigation,
the survey rake was maintained in a horizontal position and the center line of the center
rake probe was nominally coincident with the nozzle center line. Also presented herein
is the pressure distribution on a 259 half-angle spherically blunted cone having a spheri-
cal nose radius of 0,3 inch (7.62 mm) and a cone base radius of 1.5 inches (3.81 cm).
(This model was employed previously in the Mach 20 nitrogen investigation of ref. 4.)

Ten pressure orifices having diameters of 0,038 inch (0.965 mm) were positioned at vari-

ous increments along a ray.

INSTRUMENTATION

Nozzle test-section pitot pressures and surface pressures on the spherically blunted
cone were measured with differential, variable-reluctance, wafer-type pressure trans-
ducers (ref. 5). In the measurement of nozzle wall pressures less than 0.1 1b/in2
(689.5 N/m2), differential, variable-reluctance, barrel-type pressure transducers were
used. Geometric details of this barrel-type pressure transducer are shown in refer-
ence 6. All the pressure transducers were excited by 5-volt 20-kilocycle carrier ampli-
fiers. The output signal drove galvanometers in a light-beam-type oscillograph having a
variety of chart speeds. The wafer-type pressure transducers were calibrated before
each tunnel test, in order to compensate for any time-varying characteristics associated
with the transducers and amplifiers, by utilizing a bellows and manometer system. The
barrel-type pressure transducers were calibrated under vacuum with a high-precision
capacitive pressure meter used as a calibration standard. The reference side of all
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test-section pressure transducers was maintained at a constant pressure of approxi-
mately 4 X 109 1b/in2 (0.28 N/m2) by an external vacuum source. Initial charge pres-
sure in the reservoir (arc chamber) was measured with a Bourdon gage having an oper-
ating range from 0 to 5000 1b/in2 (0 to 34.5 MN/m2). The reservoir stagnation pressure
was measured by a high-response, strain-gage transducer having a full-scale rating of
20 000 1b/in2 (138 MN/m2). Although this strain-gage transducer was subjected to
reservoir pressures up to approximately 30 000 lb/in2 (207 MN/m2), no physical damage
or appreciable change in calibration characteristics was observed.

OPERATING PROCEDURE

Following evacuation of the nozzle and vacuum tank to approximately 2 X 10-5 lb/in2
(0.14 N/m2), the reservoir (arc chamber) is initially pressurized at ambient temperature
with the test gas. A quantity of stored electrical energy is then discharged across the
coaxial electrodes when the arc gap is broken down by exploding a trigger wire between
the electrodes. The resulting increase in pressure and temperature within the reservoir
results in the rupture of the diaphragm between the reservoir and evacuated nozzle. The
gas then expands through the diverging conical nozzle into the vacuum tank.

The operating procedure with helium is, with a few exceptions, the same as that with
nitrogen. One exception is that less electrical energy is required for helium to produce
similar reservoir pressure and temperature. The range of reservoir pressure and tem-
perature in figure 4 represents, roughly, practical operating conditions as determined
from tunnel-hardware considerations and arc-discharge characteristics. To demonstrate
the use of this working chart, assume that for a tunnel test, a reservoir pressure of
12 000 1b/in2 (82.7 MN/m2) and a reservoir temperature of 54000 R (3000° K) are desired
immediately following arc discharge (tunnel run time of zero). These conditions are
denoted by the shaded circle in figure 4 and observed to correspond to an initial reservoir
pressure (reservoir charge pressure) of approximately 1200 lb/in2 (8.3 MN/m2). By
following the dashed line, it can be seen that a representative reservoir volume for the
Langley hotshot tunnel is 180 in3 (2950 cm3). In the present study, the energy transfer
efficiency (defined as the ratio of the difference in internal energy of the test gas to the
electrical energy supplied to the gas, with any residual voltage neglected) was observed
to vary randomly from 0.52 to 0.62, For the purpose of illustration, an energy transfer
efficiency of 0.55 is assumed. By following the dashed line and noting that the total num-
ber of capacitors for this tunnel is 720, it is observed that 4050 volts are required in
conjunction with the initial reservoir pressure of 1200 1b/inZ (8.3 MN/m2), to yield the
desired reservoir conditions. For comparison, a similar working chart in reference 2
shows that to obtain the same reservoir pressure and temperature in nitrogen, an initial
reservoir pressure of approximately 1100 1b/in2 (7.6 MN/m2) is required, but in



conjunction with 5800 volts, again with an energy transfer efficiency of 0.55 assumed.

Of course, a working chart such as that of figure 4 is extremely useful when a facility is
to be operated over a wide range of reservoir pressure and temperature as in the present
investigation.

A second difference in procedure (with helium used instead of nitrogen) is that an
added precaution was taken to minimize the amount of air contamination present in the
test gas. As discussed in reference 7, and verified accidentally during the course of the
present study, the presence of air in the helium test gas can have a significant effect on
test-section flow parameters. The usual procedure for nitrogen operation was to purge
the reservoir with nitrogen prior to charging (pressurizing). However, for helium opera-
tion, the reservoir was evacuated to approximately 3 X 10-4 1b/in2 (2.07 N/m?2) prior to
charging. An air-in-helium analyzer was used to monitor the purity of the helium supply,
and for the present test the air contamination by mass was less than 0.2 percent,

Although the tunnel starting transient time with helium was not significantly differ-
ent from that with nitrogen, the total run time for helium was shorter, being approxi-
mately one-third that for nitrogen. A comparison is shown in figure 5 where representa-
tive oscillograph pressure traces obtained with the survey rake are presented for helium
and nitrogen at similar values of reservoir pressure and temperature immediately fol~
lowing arc discharge and for a nozzle-throat diameter of 0.15 inch (3.81 mm). The
survey rake was located at an axial station of 122 inches (3.10 meters). (See fig. 1 for
relative nozzle-axial-station locations.) Rake probe number 1 is closest to the nozzle
wall and probe number 10 is nominally coincident with the nozzle center line. The run
times in helium were of sufficient length to obtain useful data with existing tunnel instru-
mentation, but did necessitate such minor adjustments as advancing the dump-valve
actuation, increasing the oscillograph record speed, and advancing the schlieren spark
when schlieren photographs were attempted.

In the course of the present helium study, a series of "misfires' occurred during
attempts to obtain charge voltages in excess of approximately 5500 volts. Similar mis-
fires had occurred in the past with nitrogen; however, they were random, usually being
caused by breakdowns in the laminated plastic insulators (fig. 2), and did not appear to be
an explicit function of charge voltage. When a high-voltage, low-current source was
placed across the electrodes for a given reservoir charge pressure with nitrogen, no
arcing was observed for voltages to approximately 7000 volts., However, when this test
was repeated with helium for the same charge pressure, arcing occurred in the neighbor-
hood of 5000 to 5500 volts, Thus, for helium operation, a ceiling on the charge voltage
was necessary, this ceiling being approximately 5500 volts. (Only one helium test
involving a charge voltage in excess of approximately 5500 volts was obtained success-
fully in the present study; three attempts to repeat this test were characterized by pre-
mature arc discharges, all of which occurred in the neighborhood of 5500 volts.)
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DATA REDUCTION AND ACCURACY

The reservoir, nozzle-throat, free-stream, and postnormal-shock conditions were
calculated by using the real-helium data reduction method of reference 8. This method
was derived primarily to meet the needs of hotshot wind tunnels where, as in the present
study, the only direct measurements made to define the flow conditions are of reservoir
pressure and test-section stagnation pressure behind a normal shock., A third known flow
quantity in the present study (required by the system of equations) is the reservoir den-
sity. At a tunnel run time of zero (immediately following arc discharge), the reservoir
density is equal to the reservoir charge density as calculated from the measured reser-
voir charge pressure and ambient temperature, Time variation of the reservoir density
is obtained by using a mass-flow iteration procedure, for which the assumption of uniform
density throughout the reservoir during a tunnel test is made. The flow is assumed to be
isentropic, one dimensional, and in thermodynamic equilibrium.

Uncertainties involved in the pressure measurements and the reading of oscillograph
traces of this study are believed to be less than the following:

Py qsPercent . .o L.l L L e e e e e e e +10
Pt 9, PETCENL . v v v v v vt ot e e e e e e e e e e e e e e e e e e e e e e e e e e e e e +10
Py 9123 of 3 1 e e e e +30

For the most unfavorable conditions, these uncertainties result in the following maximum
inaccuracies in calculated free-stream parameters:

Poos PETCENL . L L . L it i e e i e e e e e e e e e e e e e e e e e e e e e e s +21
o+ T of =) 1 +18.5
Teopercent . . . . . . . ... ..., e e e e e e e e e e e e e e e e +6
Mo, percent . . . . . .. ¢ v v oo e e e e e e et e e e e e e e e e e e e +6.5
NRe,oo’ percent . . ., . ... ... ... IR I I I +13
(A/A*)eff, percent ., . . . . . . . e e e e e e e e e e e e e e e e e e e e +18

A recent survey (ref. 9) revealed that use of Keesom's empirical expression for viscosity
(ref. 10) at free-stream static temperatures below about 140 R (7.80 K) can result in
appreciable errors in free-stream Reynolds number. Since the data reduction method of
reference 8 employs Keesom's expression and since most of the present data were
obtained for free-stream static temperatures below 14° R (7.8° K), a correction was
applied to the present values of free-stream Reynolds number by using the viscosity rela-
tions of reference 9.

A quantity of interest in the present study, which was not discussed in reference 8,
is the nozzle boundary-layer displacement thickness. This quantity, with one-dimensional
flow assumed, is given by the relation



*
8" = Tgeo = Teff (1)

where
1/2

eff

_ *[ A
Toff = Teff (A_*)

and (A/A*)e ¢t is determined from the continuity equation. With the assumption that the
displacement thickness at the nozzle throat is zero (rgeo* = reff*)’ equation (1) becomes

1/2
6" = Tgeo ~ rgeo*('AT> (2)
A eft
which can be expressed, for a conical nozzle, in the nondimensional form
* * 1/2
%-:tane--g;(-é;) / (3)
A’/ off

Since the measured pitot pressure serves as a basic input to the method of reference 8, a
value of (A/A*)eff was determined for each survey-rake pitot-pressure measurement
within the inviscid core; the average of these inviscid-core values of (A/A*)eff was
employed in equation (3). The maximum inaccuracy in calculated nozzle boundary-layer
displacement thickness is believed to be less than +15 percent.

RESULTS AND DISCUSSION

In determining the feasibility of generating extremely high Mach number flow by
using helium as the test gas in the Langley hotshot tunnel, the first concern was, of
course, whether the flow would establish. If so, would the total run time be sufficient to
obtain usable data with existing instrumentation and would the flow be quasi-steady?
Also, would flow characteristics such as uniformity, repeatability, and inviscid-core size
be of sufficient quality to permit aerodynamic testing? The present study represents an
attempt to answer these questions and to examine the effects of large variations in reser-
voir pressure and temperature, of nozzle-throat diameter and geometry, and of nozzle
axial station on various flow characteristics.

Decay of Reservoir Conditions

In the operation of a hotshot wind tunnel, a decay of reservoir conditions (and hence
a decay of free-stream thermodynamic quantities and velocity) occurs during the total run
time (defined herein as the time increment between the diaphragm rupture immediately
following arc discharge and the termination of useful flow) because of heat loss to the cold
(ambient-temperature) reservoir wall and because of mass flow from the reservoir.
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Since the useful flow establishes sometime after diaphragm rupture, reservoir and free-
stream conditions corresponding to this flow may differ appreciably from those immedi-
ately following arc discharge. To determine the extent of heat loss to the reservoir wall,
the nozzle throat was blocked, as in reference 2, and flow from the reservoir following
arc discharge was thereby prevented. The tests were repeated with a 0.15-inch
(3.81-mm) nozzle-throat diameter so that the loss due to mass flow from the reservoir
could be estimated.

Figure 6 shows the relative decay of reservoir pressure (see fig. 6(a)) and reser-
voir temperature (see fig. 6(b)) with elapsed run time for several values of reservoir
pressure at zero run time. The blocked-throat tests (no flow) correspond to a constant
density and thereby permit the reservoir temperature to be determined, at various elapsed
run times, from the measured reservoir pressure. The reservoir temperature at zero
run time was nearly the same for the three reservoir-pressure levels of figure 6, being
approximately 50000 R (27780 K). (The blocked-throat test for the lowest reservoir-
pressure level is not shown in fig. 6 because of a probable leak past the solid nozzle
insert.) From figure 6(a), the relative decay of reservoir pressure is observed to be
essentially independent of reservoir-pressure level, with the approximate decay due to
heat loss to the wall being around 15 percent and with the mass-flow loss contributing an
additional 20 percent or so for the 30-msec test time. Since the blocked-throat test cor-
responds to a constant reservoir density, the relative decay of reservoir temperature
(fig. 6(b)) due to heat loss to the wall very nearly equals that of reservoir pressure and
thus is approximately 15 percent. From figure 6(b), the mass-flow loss is observed to
contribute an additional 5 percent or so to the relative decay of reservoir temperature
for the 30-msec test time,

The relative decay of reservoir pressure and reservoir temperature with elapsed
run time for several values of reservoir temperature at zero run time is shown in fig-
ure 7. The reservoir pressure at zero run time was approximately 11 500 lb/in2
(79.3 MN/m?2) for the four reservoir-temperature levels. From figure 7(a), the rela-
tive decay of reservoir pressure is observed to increase with increasing reservoir-
temperature level. The contribution of wall heat loss to this decay increases from
approximately 5 percent to 20 percent with increasing reservoir-temperature level,
whereas the contribution corresponding to mass-flow loss remains nearly constant at
20 percent or so for the 30-msec test time. The trends of figure 7(a) apply to the rela-
tive decay of reservoir temperature in figure 7(b), where the magnitude of wall heat loss
is very nearly the same (approximately 5 percent to 20 percent) and the mass-flow loss
is somewhat less,

The relative decay of reservoir pressure, temperature, and density is shown in
figure 8 for four nozzle-throat diameters. To minimize the effect of reservoir tempera-
ture on the relative decay of reservoir conditions, the results of figure 8 were selected
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in such a way that the reservoir temperature at zero test time was nearly the same for
all nozzle-throat diameters, being approximately 3000° R (16670 K). (See fig. 8(b).)

The reservoir pressure at zero test time increased with increasing nozzle-throat diam-
eter (see fig. 8(a)); however, on the basis of the results of figure 6, it is assumed that no
significant effect of reservoir pressure exists. With the assumption that the wall heat-
loss contribution for all nozzle-throat diameters is similar (the validity of this assump-
tion is questionable, especially for the nozzle-throat diameter of 0.375 inch (9.53 mm)),
the results of figure 8 show that the mass-flow contribution to the decay of reservoir con-
ditions increases markedly with increasing nozzle-throat diameter as expected, since
mass-flow rate is proportional to the square of the nozzle-throat diameter. The large
relative reservoir-pressure decay, ranging from 20 percent during the 35-msec test for
the 0.10-inch-diameter (2.54-mm) throat to 65 percent during the 20-msec test for the
0.375-inch-diameter (9.53-mm) throat, illustrates the importance of time correlation
between the reservoir and nozzle test-section pressure measurements. The large decay
of reservoir density illustrates the importance of proper choice of time increment in the
data reduction method of reference 8.

Tunnel Test Time

Characteristic of impulse-type facilities are extremely short usable run times,
usually not exceeding 0.15 second for hotshot tunnels employing nitrogen as the test gas.
Several factors are known to affect the run time of hotshot facilities, one of the more
important being diffuser configuration., For example, in reference 3 the total run time
of the Langley hotshot tunnel with nitrogen was increased from approximately 0.04 to
0.12 second with the installation of a 10° total-angle cone-cylinder diffuser having a ratio
of entrance area to exit area of 0.55 and a ratio of cylinder length to entrance diameter
of 2. (This diffuser was also used throughout the present investigation.) Other factors
possibly affecting the total run time that were varied in the present investigation are
reservoir pressure, reservoir temperature, and nozzle-throat diameter.

In figure 9, variation in total run time for a wide range of reservoir pressure is
shown for nozzle-throat diameters of 0.15 inch (3.81 mm) (see fig. 9(a)) and 0.10 inch
(2.54 mm) (see fig. 9(b)). The values of total run time were obtained from the pressure
record of the center pitot-pressure probe of the survey rake; the center line of this probe
was nominally coincident with the nozzle center line. The survey rake was positioned at
a nozzle axial station of 122 inches (3.10 meters). The total run time was defined as the
time increment between the initial deflection of the center-rake-probe oscillograph record
and the termination of usable flow (see fig. 5) and thereby included the 5- to 8-msec
starting transient time. The bars in figure 9 illustrate the reservoir-pressure decay
during the total run time. Although a corresponding decay of reservoir temperature also
exists for both nozzle-throat diameters, this decay was essentially the same for all levels
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of reservoir pressure for the respective nozzle-throat diameter. From figure 9, the total
run time is observed to decrease with increasing reservoir pressure, this decrease being
roughly proportional to Py 1’1/ 4 for both nozzle-throat diameters.

?

Figure 10 illustrates the variation in total run time for a wide range of reservoir
temperature and for nozzle-throat diameters of 0.15 inch (3.81 mm) (see fig, 10(a)) and
0.10 inch (2.54 mm) (see fig. 10(b)). The bars denote the decay of reservoir temperature
during the total run time. The corresponding decay of reservoir pressure was essentially
the same for all reservoir-temperature levels for a nozzle-throat diameter of 0.10 inch
(2.54 mm), but increased with increasing reservoir-temperature level for a nozzle-throat
diameter of 0.15 inch (3.81 mm). This larger decay of reservoir pressure for the higher
reservoir-temperature levels is expected to contribute to a somewhat shorter total run
time. Then, from figure 10, the effect of reservoir temperature on total run time is con-
sidered to be essentially negligible.

Total run time as a function of nozzle-throat diameter is shown in figure 11. In
this figure, the bars indicate the variation in total run time, with each bar representing
several tunnel runs at somewhat different reservoir conditions. From figure 11, the total
run time is observed to decrease approximately 50 percent for the present increase in
nozzle-throat diameter from 0.075 to 0.375 inch (1.91 to 9.53 mm), this decrease being
roughly proportional to (d*)'l/ 2. From this finding, in conjunction with the previous
finding that t' o pt’1‘1/4 and the assumption that t' « Tt,11/8 (which is good to within
+15 percent for the present range of Tt,l), it can be shown through the use of the ideal-
gas expression

1/2

+1

. * *A* 2 )’L_i w 1/2 A* 4
m=pUA = 'V<y+1> <RTt1> L (4)

that t' o m~1/4,

Time Variation of Flow Conditions

As observed from figures 6 to 8, a monotonic decay in reservoir conditions occurs
which, in turn, causes a decay in free-stream flow quantities with elapsed run time. In
figure 12, the average-stagnation-pressure ratio and corresponding average Mach number
across the inviscid core are shown as functions of elapsed run time for several nozzle-
throat diameters, (Determination of f)_tz/pt,l and M, is discussed in a subsequent
section.) These data correspond to the reservoir conditions of figure 8. For the three
smallest nozzle-throat diameters of figure 12, the average-stagnation-pressure ratio
(fig. 12(a)) and average Mach number (fig. 12(b)) are essentially invariant with elapsed
run time and thereby correspond to a quasi-steady flow condition. However, for the
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largest nozzle-throat diameter, the average-stagnation-pressure ratio increases and cor-
responding Mach number decreases with increasing elapsed run time., This variation with
elapsed run time is believed to be due to the large decay of reservoir conditions which is
associated with this nozzle-throat diameter (d* = 0.375 in. (9.53 mm)) and which influ~-
ences the nozzle boundary-layer characteristics. (The effect of reservoir pressure and
temperature on average-stagnation-pressure ratio is discussed subsequently.)

Effect of Reservoir Conditions on Test-Section Flow Characteristics

Lateral profiles of stagnation-pressure ratio (survey-rake pitot pressure nondimen-
sionalized by reservoir pressure) and corresponding inviscid-core Mach number profiles
for nozzle-throat diameters of 0.15 inch (3.81 mm) and 0.10 inch (2.54 mm) are shown
in figure 13 for various reservoir pressures and in figure 14 for various reservoir tem-
peratures. For both figures, the survey rake was located at a nozzle axial station of
122 inches (3.10 meters). The inviscid core was defined as the relatively flat section of
the lateral pitot-pressure profile about the nozzle center line, for which the stagnation-
pressure-ratio variation is, in general, within +10 percent of the average value. This
+10 percent variation in stagnation-pressure ratio corresponds to a +3.2 percent variation
in Mach number. The boundaries of the inviscid core, as determined from the lateral
pitot-pressure profiles and represented by the plotted values of Mach number, were uncer-
tain in many instances because of the seemingly random data scatter, nature of the lateral
pitot-pressure distributions, and relatively large survey-rake probe spacing of 1 inch
(2.54 ¢cm). This uncertainty is not expected to have an appreciable influence on the mag-
nitude or trends to be discussed subsequently, with a possible exception being the nozzle
boundary-layer-thickness results.

Test repeatability, always a primary concern with impulse-type facilities, is shown
in figures 13 and 14 where the different symbols denote repeat tests for a given reservoir
pressure or reservoir temperature, respectively. With a few exceptions, repeatability of
stagnation-pressure ratio across the inviscid core was within +10 percent for the present
range of reservoir pressure and reservoir temperature for both nozzle-throat diameters.

The average-stagnation-pressure ratio and average Mach number across the invis-
cid core, as obtained from the profiles of figsures 13 and 14, are presented as functions of
reservoir pressure and reservoir temperature in figures 15 and 16, respectively. Also
shown in figures 15 and 16 are the corresponding variations of free-stream Reynolds num-
ber per foot (per meter) and free-stream Knudsen number (where the effective nozzle
diameter was chosen as the characteristic flow dimension). The free-stream Knudsen
number is determined with the use of the viscosity expression for the rigid-elastic-sphere
model of kinetic theory (ref. 11). By solving this expression for the mean-free path and
utilizing the definitions of Mach number and Reynolds number, the following relation is

obtained:
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From figure 15(a), the average-stagnation-pressure ratio for both nozzle-throat

diameters is observed to decrease with increasing reservoir pressure; figure 15(b) shows
a corresponding increase in average Mach number with increasing reservoir pressure,
The trend of decreasing stagnation-pressure ratio with increasing reservoir pressure and
constant reservoir temperature is well substantiated by the lower Mach number helium
studies of references 12 and 13, the recent higher Mach number helium results of refer-
ence 14, the air results of reference 15, and the nitrogen results of reference 16. From
figure 15(c), the average free-stream Reynolds number per foot (per meter) is observed
to increase with increasing reservoir pressure. (This trend is predicted by the ideal-
helium relation (ref. 17)

(1.028 x 109)p, 4
~ 1147 1.706 (6)
Tt,l . M, "

NRe 500

where Npg  is per foot, Pt 1 is in 1b/in2, and Tt,3 is in °R. As is shown subse-
quently, M, < o 10-129; thus, from equation (6), the free-stream Reynolds number varies
2

roughly as pt,10-87. It should be noted that equation (6) was derived by using the helium
viscosity expression of reference 10 and thus is in error for conditions corresponding to
free-stream static temperatures less than about 14° R (7.8° K) (see ref. 9).) From fig-
ure 15(d), the average free-stream Knudsen number decreases with increasing reservoir
pressure for both nozzle-throat diameters. Since the Knudsen number is much less than
1 for the present range of conditions, intermolecular collisions dominate over collisions

with the boundaries (assumed to be the effective nozzle), and the flow is in the continuum

region (ref, 18).

From figure 16(a), the average-stagnation-pressure ratio for both nozzle-throat
diameters is observed to increase with increasing reservoir temperature; figure 16(b)
shows a corresponding decrease in average Mach number with increasing reservoir tem-
perature. No comparison of the trends exhibited in figures 16(a) and 16(b) could be made
with results of the lower Mach number helium studies (refs. 12 and 13) because of the lack
of temperature variation at the lower Mach numbers. Although not stated explicitly in the
nitrogen study of reference 19, the Mach number decreased and hence stagnation-pressure
ratio increased as reservoir temperature increased from 2000° to 8100° R (1111° to
45000 K) for a nozzle-throat diameter of 0.15 inch (3.81 mm). However, the air results
of reference 15 showed no appreciable effect of reservoir temperature from 2460° to
37500 R (13670 to 20830 K); these results (ref. 15) are in agreement with the stated
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nitrogen results of reference 16 for a range of reservoir temperature from 2880° to
4320° R (1600° to 2400° K). (It should be noted, however, that one figure in reference 16
shows a trend of increasing stagnation-pressure ratio with increasing reservoir tempera-
ture, this trend becoming more pronounced as reservoir pressure decreases.) The
expected decrease in average free-stream Reynolds number per foot (per meter) and
increase in average free-stream Knudsen number with increasing reservoir temperature
are shown in figures 16(c) and 16(d), respectively, for both nozzle-throat diameters, For
the given range of reservoir temperature and for both nozzle-throat diameters, continuum

flow exists.

Opposite trends were observed in figures 15 and 16 for increasing reservoir pres-
sure at constant reservoir temperature (fig. 15) and increasing reservoir temperature at
constant reservoir pressure (fig. 16). Since these increases in reservoir pressure and
reservoir temperature also correspond to opposite trends in reservoir density, it may
prove to be more convenient to relate the trends of figures 15 and 16 to reservoir density.
For this reason, the results of figures 15 and 16 are shown in figure 17 where the average-
stagnation-pressure ratio and average free-stream Mach number are plotted as functions
of reservoir density for two nozzle-throat diameters. The data of figures 15 and 16 are
observed to be in fair agreement for the same range of reservoir density for both nozzle-
throat diameters. (An exception is the lowest-reservoir-density result for the nozzle-
throat diameter of 0,10 inch (2.54 mm), which corresponds to the minimum reservoir
pressure result of figure 15, For this test, the flow failed to establish during the initial
attempt; hence, this result is marginal concerning proper flow establishment and thus is

subject to question.)

Effect of Reservoir Conditions on Nozzle Boundary-Layer Characteristics

Before discussing the effect of reservoir conditions on nozzle boundary-layer char-
acteristics, a comment concerning the type (turbulent or laminar) of nozzle boundary
layer experienced in the present study is believed in order. As shown in the oscillograph
pressure traces for helium in figure 5, the flow region encompassing survey rake probes 7
to 13 is encircled by a region characterized by relatively large and somewhat erratic
pitot-pressure fluctuations. Between this region of high fluctuations and the nozzle wall
exists a region of low pitot pressure having little, if any, noticeable fluctuations. Thus,
it appears that the nozzle boundary layer may have a relatively thick region of laminar-
like characteristics adjacent to the nozzle wall, with an outer region having turbulent-like
characteristics. The existence of such a nozzle boundary layer at high Mach numbers
(27 to 47) in helium has been observed previously (ref. 14). In the present study the ratio
of the thickness of the laminar-like region (determined from pitot-pressure fluctuation) to
the nozzle boundary-layer thickness (determined from lateral pitot-pressure survey) was
in the neighborhood of 0.5 to 0.65. Thus, the nozzle boundary layer appears to be as much
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laminar-like as turbulent-like, and therefore a straightforward classification of its type
is not possible.

Figures 18 and 19 show the nozzle boundary-layer displacement thickness and nozzle
boundary-layer thickness as functions of reservoir pressure and reservoir temperature,
respectively, for two nozzle-throat diameters. The nozzle boundary-layer thickness
results of figures 18(b) and 19(b) were determined from the lateral stagnation-pressure-
ratio profiles of figures 13 and 14, respectively. As mentioned previously, precise deter-
mination of the nozzle boundary-layer thickness was not possible. An estimate of the
uncertainty involved in determining nozzle boundary-layer thickness is indicated by the
barred symbols of figures 18(b) and 19(b). From figure 18(a), the nozzle boundary-layer
displacement thickness is observed to decrease with increasing reservoir pressure for
both nozzle-throat diameters, as expected from figure 15(b). (An increase in Mach num-
ber with increasing reservoir pressure (fig. 15(b)) corresponds to an increase in effective
nozzle expansion angle, which in turn corresponds to a decrease in nozzle boundary-layer
displacement thickness.) The nozzle boundary-layer thickness for the nozzle-throat
diameter of 0.15 inch (3.81 mm) (fig. 18(b)) initially decreases, then increases and
becomes essentially constant with increasing reservoir pressure; for the nozzle-throat
diameter of 0,10 inch (2.54 mm), the nozzle boundary-layer thickness is essentially con-
stant over the range of reservoir pressure. From figure 19(a), the nozzle boundary-
layer displacement thickness is observed to increase with increasing reservoir tempera-
ture for both nozzle-throat diameters, again as expected. The nozzle boundary-layer
thickness for the nozzle-throat diameter of 0.15 inch (3.81 mm) (fig. 19(b)) is essentially
constant over the range of reservoir temperature with the exception of a dip occurring in
the neighborhood of 3700° R (2056° K). Within the experimental accuracy, the nozzle
boundary-layer thickness for the nozzle-throat diameter of 0.10 inch (2.54 mm) is essen-
tially constant over the range of reservoir temperature. (Since a decrease in nozzle
boundary-layer thickness is generally associated with a decrease in stagnation-pressure
ratio (increase in Mach number) for a given geometric-area ratio, apparent discrepancies
exist between the trends observed in figures 15 and 16 and those observed in figures 18
and 19, respectively. The reason for such discrepancies is not known at this time.)

The results of figures 18 and 19 are shown in figure 20 where the nozzle boundary-
layer displacement thickness and nozzle boundary-layer thickness are plotted as functions
of reservoir density for two nozzle-throat diameters. The data of figures 18 and 19 are
observed to be in fair agreement for the same range of reservoir density for both nozzle-
throat diameters.
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Nozzle Axial Gradients

As mentioned previously, the Langley hotshot tunnel employs a 10° total-divergence-
angle conical nozzle. As is well recognized, although the conical nozzle does not involve
the design problems and higher fabrication expense of the contoured nozzle, it has the
undesirable characteristics of source flow (namely, flow angularity and nozzle axial
gradients) which can create a problem in data analysis (ref, 20). Detection of flow angu-
larity was not possible with the pitot-pressure survey rake since pitot pressure is rela-
tively insensitive to flow angularity (the maximum deviation in pitot pressure for the pres-
ent nozzle was calculated to be roughly 1.5 percent). However, nozzle axial gradients
were examined by positioning the survey rake at various nozzle axial stations.

Lateral stagnation-pressure-ratio profiles and corresponding inviscid-core Mach
number profiles are shown in figure 21 for various nozzle axial stations and three nozzle-
throat diameters, The reservoir pressure was approximately 11 500 Ib/in2 (79.3 MN/m?2)
for all three nozzle-throat diameters, and the reservoir temperature ranged from 24000°
to 2800° R (13330 to 1556° K). Again, different symbols for a given nozzle-throat diam-
eter and nozzle axial station denote repeat tests. No significant variation in flow uni-
formity or repeatability with nozzle axial station was observed for any of the three nozzle-

throat diameters.

The values of average-stagnation-pressure ratio and average Mach number across
the inviscid core, corresponding to the profiles of figure 21, are shown in figure 22 as
functions of nozzle axial station; also shown are values for the ratios of average free-
stream static pressure and average free-stream density. The variation of average-
stagnation-pressure ratio and average Mach number with nozzle axial station is observed
from figures 22(a) and 22(b), respectively, to be essentially linear for all three nozzle-
throat diameters., The approximate nozzle axial gradients per inch (per cm) for the three
free-stream quantities of figure 22 are as follows:

Mw gradient Po/P gradient p./p gradient
d*’ inch (mm) . ,,_??/ t’l_. [ . oo/ t’l _ .

per in.|per cm| per in, l per cm per in. ' per cm
0.375 (9.53) .. .| +0.,15] +0.059 |-1.4 X 10-8|-5.51 x 1079 [-2.8 x 10~6|-1.10 x 106
0.25 (6.35). .. .|+0.16 | +0.063 [-4.8 x 10-9{-1.89 x 1079 [-1.3x10-6{-5.12 x 10-7
0.15 (3.81). .. .| +0.20 | +0.079 [-1.3 X 10-9|-5.12 x 10~10|.6.2 x 10-7 -2.44 x 10~7

(A plus sign indicates an increasing value and a minus sign indicates a decreasing value
with increasing nozzle axial station.) These gradients correspond approximately to an
axial variation in Mach number of 0.5 percent per inch (0.2 percent per cm), a variation
in free-stream static-pressure ratio of 2 percent per inch (0.8 percent per cm), and a
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variation in free-stream density ratio of 1 percent per inch (0.4 percent per cm) for all
three nozzle-throat diameters. The present axial Mach number gradient is approximately
1.5 to 2 times that reported in reference 21 for a Mach number of approximately 40 in
helium. The results of reference 21 were obtained in the Ames Mach 50 helium tunnel;
this tunnel is equipped with a contoured nozzle and thus would be expected to have a
smaller axial Mach number variation in the nozzle test section.

Axial variations of nozzle boundary-layer displacement thickness and nozzle
boundary-layer thickness, corresponding to the lateral profiles of figure 21, are shown
in figure 23 for three nozzle-throat diameters. The nozzle boundary-layer displacement
thickness 6% (fig. 23(a)) is observed to increase linearly approximately 1.5 to 1.75 per-
cent per inch (0.6 to 0.7 percent per cm) with increasing nozzle axial station for all three
nozzle-throat diameters. According to figure 23(a), the flow is still expanding in this
section of the nozzle. For the two largest nozzle-throat diameters in figure 23(b), the
nozzle boundary-layer thickness & increases linearly with increasing nozzle axial sta-
tion. (This increase results from the increase in nozzle radius with increasing nozzle
axial station, since, as observed in the profiles of fig, 21, the inviscid core is essentially
constant over this variation in nozzle axial station.) However, for the nozzle-throat diam-
eter of 0,15 inch (3.81 mm), the nozzle boundary-layer thickness increases abruptly
between axial stations 118 inches (3.00 meters) and 122 inches (3.10 meters). The nozzle
test section is equipped with two opposed circular plate-glass windows, the leading edges
of which are at an axial station of 121.5 inches (3.09 meters). These windows do not con-
form to the nozzle contour and thus were considered as a possible source of flow distur-
bance. (The magnitude of pitot-pressure fluctuations was observed to increase appreci-
ably between axial stations 118 inches (3.00 meters) and 122 inches (3.10 meters).)
Contoured window blanks conforming to the nozzle were installed and several repeat tests
were performed in this range of nozzle axial station for the nozzle-throat diameter of
0.15 inch (3.81 mm). However, no discrepancies in the trend of the data in figure 23(b)
were observed. A possible explanation for this increase in nozzle boundary-layer thick-
ness between axial stations 118 and 122 inches (3.00 and 3.10 meters) is that the nozzle
boundary layer may have separated from the nozzle wall in this region. (In a recent
study performed in the Ames Mach 50 helium tunnel at Mach numbers from 27 to 47
(ref. 14), it was speculated that nozzle boundary-layer separation occurred around an
axial station of 110 inches (2.79 meters) at some test conditions.)

Effect of Nozzle-Throat Diameter and Geometry

Average-stagnation-pressure ratio and corresponding average Mach number are
shown in figure 24 as functions of geometric-area ratio. The data for geometric-area
ratios less than 3 X 104 correspond to nozzle-throat diameters of 0.375, 0.25, and
0.15 inch (9.53, 6.35, and 3.81 mm) and were obtained from the lateral profiles of
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figure 21; for geometric-area ratios greater than 3 X 104, the data correspond to nozzle-
throat diameters of 0.10 and 0.075 inch (2.54 and 1.91 mm). The reservoir pressure was
approximately 11 500 lb/in2 (79.3 MN/m2) and the reservoir temperature ranged from
2400° to 2800° R (13339 to 15560 K).

In figure 24(a), the average-stagnation-pressure ratio is observed to decrease by
nearly a factor of 9 for the present increase in geometric-area ratio (decrease in nozzle-
throat diameter). The corresponding increase in Mach number from approximately 30 to
60 with increasing geometric~-area ratio is shown in figure 24(b). Also shown in fig-
ure 24(b) are the nitrogen results of reference 3 for the same range of geometric-area
ratio. These nitrogen results were obtained for a range of reservoir pressure from
7000 to 11 500 lb/in2 (48.3 to 79.3 MN/m2) and a range of reservoir temperature from
4000° to 4700° R (2222° to 2611° K). For a given geometric-area ratio and nearly the
same reservoir pressure and temperature, the Mach number for helium would be roughly
2.5 times that for nitrogen.

The present nozzle boundary-layer displacement thickness and nozzle boundary-
layer thickness are shown in figure 25 as functions of geometric-area ratio; also shown
are the nitrogen results of reference 3. From figure 25(a), the helium nozzle boundary-
layer displacement thickness is observed to increase by a factor of approximately 2.5
for the present increase in geometric-area ratio. For the same reservoir pressure and
temperature, the nozzle boundary-layer displacement thickness for helium would be
roughly 1.5 to 2 times that for nitrogen. The helium nozzle boundary-layer thickness is
observed from figure 25(b) to increase by a factor of approximately 2 for the present
increase in geometric-area ratio. Extrapolation of this result shows that fully viscous
flow would occur, for the present reservoir conditions, at a geometric-area ratio of about
1.5 x 102, This extrapolation corresponds to a Mach number of approximately 70 in
figure 24(b).

The trend of nozzle boundary-~layer thickness for nitrogen (ref. 3) does not conform
to the present trend for helium, (See fig. 25(b).) As speculated in reference 3, the trend
for nitrogen may be due to the boundary layer being turbulent at the lower values of
geometric-area ratio (corresponding to lower values of Mach number and higher values
of free~-stream Reynolds number) and laminar at the higher values of geometric-area

ratio.

To determine if any advantages could be achieved by varying the nozzle-throat
geometry, two additional nozzle-throat geometries were examined. Sketch (1) of fig-
ure 26 illustrates the nozzle-throat geometry used in obtaining the previously discussed
helium results for a nozzle-throat diameter of 0.15 inch (3.81 mm). The two additional
nozzle-throat geometries are shown in sketches (2) and (3) of figure 26. The nozzle-
throat geometry in sketch (2) was obtained by drilling out a 20° total-entrance-angle
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nozzle throat with a 0.10~inch (2.54-mm) diameter to a diameter of 0.15 inch (3.81 mm)
and thereby providing a constant-area length-to-diameter ratio of 2.85. Sketch (3) shows
a 500 total-entrance-angle nozzle throat having a ratio of cylinder length to diameter

of 1.15. This nozzle throat was originally 0,125 inch (3.18 mm) in diameter, but was
drilled out to 0.15 inch (3.81 mm). These nozzle-throat geometries were tested for a
range of reservoir temperature from approximately 1500° to 6000° R (8339 to 33339 K)
and a reservoir pressure of approximately 9400 1b/in2 (64.8 MN/m2). The results at a
reservoir temperature of 6000° R (3333° K) are not shown for the nozzle-throat geometry
of sketch (3) because of severe throat erosion experienced during testing. (The nozzle
throat with this geometry was stainless steel, whereas the two other throats, the geome-~
tries of which are shown in sketches (1) and (2), were copper-filled sintered tungsten.)

As observed from figure 26, no significant effect of nozzle-throat geometry on average-
stagnation-pressure ratio, or corresponding average free-stream Mach number, occurred
for the three test geometries.

Nozzle Wall Pressure

During several of the helium tests, nozzle wall pressures in the nozzle test section
were measured, In figure 27, nozzle-wall-pressure ratios are shown as functions of
average free-stream Mach number, These results correspond to a reservoir pressure
of approximately 11 500 1b/in2 (79.3 MN/m?2), reservoir-temperature range of 2400° to
2800° R (1333° to 1556° K), and nozzle-throat diameters of 0.375, 0.25, and 0.15 inch
(9.53, 6.35, and 3.81 mm). The nozzle wall pressure was measured at an axial station
of 121.5 inches (3.09 meters) and the pitot-pressure survey rake was positioned at a sta-
tion of 122 inches (3.10 meters); hence, the calculated average free-stream static pres-
sure used to nondimensionalize the measured nozzle wall pressure (fig. 27(b)) corre-
sponds to essentially the same nozzle axial station as the wall pressure. No nozzle wall
pressures were measured with the rake and support system removed from the tunnel;
thus, the effect of the rake and strut on the wall pressures is not known.

The bars of figure 27 represent the uncertainty of the nozzle-wall-pressure mea-
surements. From figure 27(b), the nozzle-wall-pressure ratio is observed to increase
with increasing Mach number, with the wall pressure being three to four times the average
free-stream static pressure at a Mach number of approximately 30 and six to 11 times the
average free-stream static pressure at a Mach number of approximately 50. Nozzle wall
pressures greater than the calculated average free-stream static pressure were also
observed in the Mach 27 to 47 helium study of reference 14. The present results and
those of reference 14 indicate that the commonly made assumption of constant static pres-
sure through the boundary layer is subject to question at these high Mach numbers. In
general, the nozzle wall pressure remained essentially constant or increased somewhat
with increasing axial station from 112.5 to 124.5 inches (2.86 to 3.16 meters) for the
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present tests. A rise in nozzle wall pressure with increasing nozzle axial station was
observed in reference 14 and was attributed to nozzle boundary-layer separation,

Test Region

Figure 28 presents the test experience in terms of Mach number and free-stream
Reynolds number in the Langley hotshot tunnel with helium. The shaded test region
results from variations in reservoir pressure from 3000 to 28 000 1b/in2 (20.7 to
193.0 MN/m2), in Ty ; from 1500° to 11 000° R (833° to 6111° K), and in (A/A*)geo
from 3 X 103 to 8 x 104 and corresponds to theoretically uncondensed flow. Also shown
in figure 28 is a trajectory for earth entry at 50 000 ft/sec (15.2 km/sec) of a vehicle
having a lift-drag ratio of 1.0 and an arbitrarily chosen length L of 30 feet (9.1 meters).

(The value of L used to determine the present helium value of (NRe,oo>L was 1 foot

(0.305 meter) ) The range of M, for helium is approximately 30 to 70; this range in
conjunction with the Mach number range for nitrogen in references 3 and 19 results in a
range of M, for the two gases of approximately 10 to 70. This range is believed to be
the most extensive variation in M, ever reported from a single facility. (However, it
should be noted that aerodynamic testing of models at the highest values of Me in helium
and nitrogen is, in all probability, not feasible because of the existence of extremely thick
boundary layers at these high Mach numbers.) It appears that helium testing in hotshot
tunnels with even smaller values of (A/A*)geo than those of the present study would
cover a substantial portion of the earth entry corridor for return from planetary explora-
tion in terms of the simulation parameters M, and (NRe,oo)L- Thus, the hotshot tunnel

provides a convenient, relatively inexpensive means of generating a substantial portion of
the earth entry corridor without requiring modification of existing hardware.

Comparison of Existing Empirical Methods for Predicting
Nozzle Boundary-Layer Displacement Thickness

Over the past decade, the empirical relations of references 22 and 23 for predicting
hypersonic nozzle boundary-layer displacement thickness have received considerable
usage. These relations were obtained from conical and contoured nozzle data for Mach
numbers of 6 to 16 in air. A recent study showed that extrapolation of the empirical rela-
tions of references 22 and 23 to Mach numbers greater than those from which they were
obtained resulted in overestimation of the nozzle boundary-layer displacement thickness
(ref. 24), An empirical relation employing the same parameters used in references 22
and 23 (free-stream Mach number and free-stream Reynolds number based on nozzle
axial station) was derived by Jack D, Whitfield of Arnold Engineering Development Center
(and presented by Edenfield in ref. 24) from higher Mach number data so as to more accu-
rately predict the nozzle boundary-layer displacement thickness for Mach numbers from
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approximately 12 to 19, The following table presents the empirical relations from refer-
ences 22 to 24 (in the present notation) for predicting turbulent nozzle boundary-layer
displacement thickness and the conditions for which they were obtained:

Range Range
Source Relation Gas of of Nozzle
M°° (NRe,oo)x
. 1.311
Burke % _0.0463—=____| Air | 8to 16]/105 to 107|Conical and
X 0.276
(ref, 22 Re,o contoured
»0/x
" v 05
Whitfield O _0.22—"° ___ INitrogen|12 to 19|10% to 108|Conical
X N 0.25
(as presented ( Re,oo)X
in ref, 24)
. 1.25
Lee & = 0.0064 == | Air | 6t013 108 to 107|Conical and
(ref. 23) ( Re’°°)x. contoured

Predictions, as applied to the present range of reservoir pressure for nozzle-throat
diameters of 0.15 and 0.10 inch (3.81 and 2.54 mm), are shown in figure 29. The symbols
in figure 29 represent average values of the data presented in figure 18(a). The relations
of Burke and Lee overpredict the present data by a factor of about 2, and Lee's relation
fails to predict the trend of decreasing nozzle boundary-layer displacement thickness with
increasing reservoir pressure for a nozzle-throat diameter of 0.15 inch (3.81 mm); both
relations fail to predict the trend for a nozzle~throat diameter of 0.10 inch (2.54 mm),
Although the empirical prediction of Whitfield underestimates the magnitude of the present
data for a nozzle-throat diameter of 0.15 inch (3.81 mm) by approximately one-third, it
predicts the trend with surprising accuracy. (It is interesting to note that for hypersonic
flow over a flat plate, the displacement thickness in air is about three-fifths that in helium
for the same value of Mach number and Reynolds number (ref. 25). This air-helium simu-
lation factor (3/5) is surprisingly close to the relationship of Whitfield's prediction to the
present data (2/3). Although this agreement is probably fortuitous, it may imply that the
relation of Whitfield will provide reasonably accurate predictions of nozzle boundary-
layer displacement thickness in nitrogen (or air) at Mach numbers in excess of 19 or so.)
Thus, the constant of Whitfield's relation (0.22) was modified (changed to 0.37) to bring
the prediction into agreement with the present data for a nozzle-throat diameter of
0.15 inch (3.81 mm). To account for the difference between the free-stream specific heat
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ratio of the present study ('yoo =5/ 3) and that of Whitfield (Voo =17/ 5), the constants were
assumed to be functions of y_ only. Also, a third constant, corresponding to a value
for vy, of 1.21, has been obtained recently by James L. Hunt at the Langley Research
Center in the pilot model hypersonic CF4 blowdown tunnel at a free-stream Mach number
of 6.13 and free-stream Reynolds number, based on nozzle axial distance, of 5.75 X 10°.
The three constants were plotted as functions of y_, and a simple, second-order poly-
nomial curve fit was applied. The resulting expression is

1/2

5* 9 Mo
2 = (1.07y, % - 2.78y_ + 1.945 ) —— (7
< )(Nae,«»i/ *

for 1.21 <y_ < 1.67. Discretion should be used in applying this equation at conditions
other than those for which the three constants just discussed were obtained. As shown in
figure 29(a), equation (7) predicts the nozzle boundary-layer displacement thickness for
the present range of reservoir pressure, as expected; however, for a nozzle-throat diam-
eter of 0.10 inch (2.54 mm) (fig. 29(b)), the prediction of equation (7) is somewhat less
satisfactory at the lower values of reservoir pressure.

The nozzle boundary-layer displacement-thickness results for the present range of
reservoir temperature are shown in figure 30 for nozzle-throat diameters of 0.15 inch
(3.81 mm) (see fig. 30(a)) and 0.10 inch (2.54 mm) (see fig. 30(b)). The symbols in fig-
ure 30 represent average values of the data in figure 19(a). The predictions of Burke
(ref. 22) and Lee (ref. 23) are again shown to yield values about twice those of the present
data. Equation (7), which represents a modification of Whitfield's expression as presented
in reference 24, provides a reasonable prediction of the nozzle boundary-layer displace-
ment thickness over the present reservoir-temperature range for both nozzle-throat

diameters.

Figure 31, where nozzle boundary-layer displacement thickness is plotted as a func-
tion of geometric-area ratio, is a repeat of the helium results of figure 25(a) along with
the prediction of equation (7). For geometric-area ratios less than 3 X 104, equation (7)
provides a reasonably good estimate of the displacement thickness; however, for
geometric-area ratios greater than 3 X 104, the prediction of equation (7) becomes some-

what poorer.

Correlation of Nozzle Boundary-Layer Thickness and Displacement Thickness

In reference 22, results for hypersonic nozzle boundary-layer displacement thick-
ness were correlated in terms of Reynolds number evaluated at a reference enthalpy for
a Mach number range of approximately 8 to 16 and a range of free-stream Reynolds num-
ber, based on nozzle axial distance from nozzle apex, of 1.5 X 10° to 8 x 106 in air. In
the more recent study of reference 24, a similar correlation is presented for a Mach
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number range of 5 to 22 and an approximate range of free-stream Reynolds number,
based on nozzle axial distance, of 1 X 105 to 1 x 108, In reference 24, which includes
nitrogen and air results, the nozzle boundary-layer displacement thickness was corre-
lated to within +20 percent,

By following the example of references 22 and 24, a similar correlation was tried
with the present results; all the nozzle boundary-layer displacement-thickness data
obtained in the present helium study, as well as those obtained in the Mach 27 to 47 helium
study of reference 14, are shown in figure 32(a) as functions of Reynolds number based on
a reference temperature. This reference Reynolds number is defined as

_ PrefUaX

<NRe,ref)X = Tlref (8)
where the density Pref and viscosity Kpep 2T€ evaluated at the reference temperature,

The reference enthalpy used in reference 24 is given by Eckert's expression (ref. 26)
hpet = 0-5(hy + h,,) +0.22(hay - h,) (9)

The adiabatic-wall enthalpy is
2

haw =h_ + g ‘; (10)

where rc is the recovery factor. Since the pressure level corresponding to the nozzle
wall and reference conditions is on the order of the free-stream pressure (which ranged
from approximately 10~4 to 10-2 1b/in2 (0.69 to 69 N/m2) in the present study), ideal-
helium behavior can be assumed at these conditions (that is, hpef = Cp refTrefs

hy = cp,WTW, and h_ = cp’ooToo). Also, since the specific heat is essentially constant

. Y R :
for a monatomic gas, Cj, ref = Cp,w = Cp o = SoIW Thus, equation (9) becomes
Tref = 0.5(Ty + Too) + 0,227 Y= 1Wy 2 (11)
ref = Y. ( w 0 e T TR

If the nozzle boundary layer is assumed to be turbulent, the recovery factor can be approx-
imated by

~ 1/3 .
rec ® Npp ref / (12)

By using the relation

T oMy (13)
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equation (11) can be expressed as

T
Tref=— + T°°[0'5 * O’llNPr,refl/ Sy - 1)M002] (14)

Since the Prandtl number NPr,ref is a function of the reference temperature, it was set
equal to unity in order to approximate the present range of reference temperature. For
the present tests, the reference temperature varied from roughly 5500 to 1800° R (306°
to 1000° K). Over this temperature range, the Prandtl number is essentially constant
and equal to 0.69 (ref. 27), thereby corresponding to a recovery factor of 0.884. The
nozzle wall temperature Ty is assumed ambient (532° R (296° K)), and the ratio of
specific heats y is 5/3 for helium. Hence the present reference temperature is a
function only of free-stream static temperature T. and free-stream Mach number.

The reference density Pref is evaluated from the ideal-gas equation of state

Wp
Pret = RTref (15)

and the reference viscosity is determined from the empirical helium expression of ref-
erence 10

i = 5.02370-647 x 10-6 (162)
where p is in poisesand T isin OK. With p in slugs/ft-sec and T in OR, this
equation (for reference viscosity) would be

Bpop = T-178T 10847 x 1079 (16b)
Equation (8) then becomes
1/2
P Mo T 1/ 2x
=(2.324 x 108)Bx 0 0 * *
(NRe,ref)x (2. 10) T, 1647 (an
re

where p_ isin b/in2, T, and Tref arein °R, and x is in feet.

From figure 32(a), the nozzle boundary-layer displacement-thickness results of the
present study and those of reference 14 are observed to correlate in terms of reference
Reynolds number and are predicted to within +20 percent by the relation

5" -0.257
X - 0'3<NRe,ref)x (18)

The nozzle boundary-layer thickness data of the present study and those of refer-
ence 14 are shown in figure 32(b) in terms of the reference Reynolds number. As in fig-
ure 32(a), the present data encompass the entire range of reservoir conditions and
geometric-area ratio of the present study. From figure 32(b), the nozzle boundary-layer
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thickness is observed to correlate in terms of reference Reynolds number and can be
predicted to within +20 percent by the relation

2= 0.284(N )‘0-197 (19)

Re,ref/x

Thus,

-0.06
)x

6*
T 1'056(NRe ref (20)

sk
and for the present investigation, 0.57= %— = 0,70,

In figure 33, the nozzle boundary-layer displacement thickness is shown plotted
against a function involving the three primary variables of this study (reservoir pres-
sure, reservoir temperature, and geometric-area ratio). Figure 33 shows that all the
displacement-thickness data of this investigation can be correlated in terms of this func-
tion and predicted to within approximately 5 percent by the expression

*
T (5423 % 10'3>Tt,10'170<_AT)0'248 p, 170-203 21)
b
A/ geo

where Py 1 is in 1b/in2 and Tt,l is in ®°R. Unlike equations (7) and (18), equation (21)
provides a means of estimating the nozzle boundary-layer displacement thickness without
knowledge of free-stream flow conditions. The results of reference 14, which were
obtained with a contoured nozzle and different reservoir conditions, are also shown in
figure 33. Although the results of reference 14 correlate in terms of this function, they
are approximately 1.2 to 1.4 times the values given by equation (21). Changing the con-
stant in equation (21) from 5.423 X 10-3 to0 6.38 x 10~3 yields an expression that predicts
the displacement-thickness results of both the present study and reference 14 to within
+20 percent, which is the same uncertainty associated with usage of equation (18).

Since equation (21) is dimensional (dependent on the system of units employed), an
attempt was made to formulate a nondimensional expression for nozzle boundary-layer
displacement thlckness 1ndependent of free-stream conditions. From equation (21), it is
observed that %— oc pt,1 , where the power b is between 0.170 and 0.203. At the nozzle

throat, the fact that U = a* infers that U* « (T*)l/z. For helium, up*c (T*) where
¢ is about 1/2. Thus, the unit nozzle-throat Reynolds number is roughly proportional to
p* or pt 1 (because the T* dependence on U* and p* approximately cancels), and
therefore the displacement thickness might be expressed as a function of nozzle-throat
Reynolds number and geometric-area ratio. The present displacement-thickness results
were plotted against such a function and observed to correlate and be predicted to within
roughly +5 percent by the nondimensional expression
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0.187< 2

NRe

*>-0.126
geo d

*

%; = (372 % 10-2)(%.)

Semiempirical Prediction of Free-Stream and
Postnormal-Shock Flow Conditions

When performing a helium test in the Langley hotshot tunnel, estimations of the
nozzle test-section flow conditions, corresponding to given reservoir conditions and
nozzle geometry, have been possible only if previous tests have been performed at simi-~
lar conditions. (In determining nozzle test-section before-shock and postnormal-shock
flow conditions, at least one nozzle flow quantity must be known in conjunction with the
reservoir conditions.) Thus, simple expressions allowing prior determination of nozzle
flow quantities as functions only of reservoir conditions (pt,l and Tt,l) and nozzle
geometry (d*, x, and 6) could be quite useful.

To derive such expressions, the Mach number results of this study were plotted
against a function involving reservoir pressure, reservoir temperature, and geometric-
area ratio, as shown in figure 34. Also shown in figure 34 are the results of refer-
ence 14. The Mach number can be correlated in terms of such a function, and both the
present Mach number data and the Mach number data of reference 14 can be predicted to
within approximately 6 percent by the expression

Moo = 4.34pt,1

A )geo Tt

0.209 -
0.129( A> T 0.109 (23)
geo ’

where P, ; isin lb/in2 and Ty isin OR and where, of course, for a conical nozzle
> b

< A> _[2x tan 6>2
A*/geo a*

Equation (23) thus provides a means of determining a nozzle flow quantity (Mach number)
in terms of reservoir conditions and nozzle geometry.

To account for real~helium effects, the expressions presented in the appendix of
reference 8 are used. The real-helium correction factors (ratio of real-helium value of
a particular flow parameter to its ideal-helium value) of reference 8, as required in this
study, are given by

p {p 3
Cp =t = 14, 1< 1567 - 1'3802%81203> (242)
i Tt 1 T 1

>
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and

Cq = To/Tt1 . ep 0.790  _ 2.431 x 101> (24b)
= ¢,1
(Too/Tt,l) Ty 11 .363 2.129

Tt1
where, in conformity with the system of units of reference 8, P; 1 is in atm and Ty 1
is in °K. Likewise, an additional correction factor may be glven by

2
1.730 _ _ 5.397 x 10
Cy=-212 _14p : -2 (24c)
(a"/a); t,1<Tt’11.378 T, {2-003 >

’

The correction factors Cg and C3 are accurate to within 0.2 percent for Mach num-
bers above 20. The correction factor Cjg, although not presented in reference 8, was
obtained at the same time and has an uncertainty of approximately 0.5 percent for reser-
voir temperatures above 900° R (500° K) and Mach numbers above 20, For ideal helium,
Cg9 =Cg=Cyq =1. The desired real-helium relations, in terms of reservoir pressure,
reservoir temperature, and Mach number, for various free-stream quantities are then

15.5885p, Cy
b

Poo = 55 o atm (25)

(Mooz + 3)

3T, ,C
T,=—5%-3 o (26)

M + 3
1/2
Ay, = l}(%— X 107)T% , cm/sep (27)
U = 8eoMoo , cm/sec (28)
q,, = 0.833p_M.2 ,atm (29)
and
<£> | MG (30)
A - 2 2
eff (Moo + 3)

where R is taken to be 8.3143 joules/mole-9K and W = 4.003 g/mole. With the assump-
tion of ideal-helium behavior in the free stream, the free-stream density in g/cm3 is

given by
Wb,

o (31)

Poo =
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. atm-cm3 .
where R is taken to be 82.0597 — From reference 9, the free-stream coeffi-
mole-"K
cient of viscosity is given by the set of relations

3.60 =T, = 100K e = (-1.5691 + 3.4167Tc - 0.10317T,,2) x 1076 (322)
1.2° < Teo < 3.6° K oo = (5.0200 - 3.2241T., + 2.0308T ..
- 0.22351T.,3) x 1076 (32b)
0.20 =T =1.2°K hoo = (2.1630 - 26.665T,, + 120.54T..2 - 187.4T 3
+126.82T % - 31.823T005> x 1076 (32¢)

where . is in poises for T, in %K, (For free-stream temperatures greater than
10° K, eq. (16a) is used to obtain values of free-stream viscosity.) Then the free-stream
Reynolds number per foot is given by

M,Po

NRe,, = (8.748 X 103)—ﬁ%_ (33)
0

T w0

where p, isinatm, T, isin OK, and It 1is in poises. Since the correction factors
for Po/Pey Pg/Pess TZ/Too, and pt,z/poo are within 0.05 percent of unity for Mach num-~
bers greater than 20 (ref. 8), the postnormal-shock conditions may be found from the
ideal-helium expressions (see ref, 17)

5
Py =7 p, M2 ,atm (34)
4p_M 2
pg=—5— ,g/cmd (35)
M “+3
and
Py 5 = 1.469p_M_2 | atm (36)

Equation (23) predicts the Mach number with an uncertainty of 6 percent. Corresponding
uncertainties in free-stream quantities calculated by using equations (25) to (33) are given
in the previously discussed section "Data Reduction and Accuracy."

Surface Pressure Distribution on Spherically Blunted Cone

A nozzle-throat diameter of 0.10 inch (2.54 mm) was used in a test made on a 25°
half-angle spherically blunted cone, having a ratio of nose radius to base radius (which
was 1.5 inch (3.81 cm)) of 0.10, at zero angle of attack. The primary purpose of this test
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was to determine whether flow would establish about the model and, if so, to evaluate the
present schlieren system at these conditions. From the pressure records corresponding
to the various pressure orifices on the model surface, the flow appeared to establish about
the model, although the density level was too low to provide significant resolution on the
photographs obtained by using this schlieren system. The resulting pressure distribution,
with the surface pressure p nondimensionalized by the model stagnation pressure
(P)g=0, is shown in figure 35. The present experimental results are observed to be in
reasonable agreement with the inviseid prediction of reference 28, as well as the Mach 20
nitrogen results of reference 4.

CONCLUDING REMARKS

An exploratory study to generate extremely high Mach number helium flow in the
Langley hotshot tunnel has been performed. Variations in reservoir pressure from 3000
to 28 000 lb/in2 (20.7 to 193.0 MN/m2), in reservoir temperature from 1500° to 11 000° R
(8339 t0 6111° K), and in geometric-area ratio from 3 X 103 to 8 x 104 resulted in a range
of Mach numbers from 30 to 70. The tunnel starting transient time was similar to that
obtained with nitrogen as the test gas; however, the total run time in helium was approxi-
mately one-third that in nitrogen. A marked effect of variation of reservoir pressure
and temperature on Mach number was observed for a given nozzle geometric-area ratio,
with the Mach number increasing with increasing reservoir pressure and decreasing
reservoir temperature, The conical nozzle produced an axial variation in Mach number
of 0.5 percent per inch (0.2 percent per cm). The nozzle boundary-layer thickness (as
determined from pitot-pressure profiles) and displacement thickness were correlated to
within +20 percent by using Reynolds number evaluated at a reference temperature, and
an existing empirical method for predicting nozzle boundary-layer displacement thickness
in nitrogen was modified and extended to the Mach 30 to 60 region in helium. Semiempir-
ical relations for predicting free-stream and postnormal-shock conditions, when only
reservoir conditions and nozzle geometry are known, are presented. This study indicates
that hotshot tunnels provide a convenient, relatively inexpensive means of generating
helium flow conditions covering a substantial portion of the earth entry corridor for
return from planetary exploration (in terms of simulation parameters — that is, Mach
number and free-stream Reynolds number) without requiring modification of existing
hardware.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., April 24, 1970,

31



APPENDIX
CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS
The International System of Units (SI) was adopted by the Eleventh General

Conference on Weights and Measures held in Paris in 1960 (ref. 1). Conversion fac-
tors for units used herein are given in the following table:

. . U.S. Customar Conversion .
Physical quantity énit y factor SI Unit
(® o (**) N
Length or distance . . in. 0.0254 meters (m)
ft 0.3048
in2
Pressure . . . .. . . Ibf/in 6895 newtons per sq meter
atm 101 325 (N/m?2)
Temperature . . . . . OR 5/9 degrees Kelvin (°K)
Density . . . . . .. . slugs/ft3 515.379 kilograms per cubic meter
(kg/m3)
Viscosity . . . . . . . poises 0.100 newton-second per sq meter
slugs/ft-sec [47.880258 (N-sec/m?2)
Volume . . . ... .. in3 1.6387064 X 10~9| cubic meters (m3)
Energy . . . .. ... Btu 1055.87 joules (J)

*Multiply value given in U.S. Customary Unit by conversion factor to obtain equi-

valent value in SI unit,
**prefixes to indicate multiple of units are as follows:

Prefix Multiple
kilo (k) 103
mega (M) 106
centi (c) 10-2
milli (m) 10-3
micro (i) 10-6 |
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(c) Reservoir density.

Figure 8.- Decay of reservoir conditions for several nozzle-throat diameters.
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Figure 16.- Variation of several flow parameters averaged across the inviscid core with reservoir temperature at station x = 122 in. (3.10 m).

55



e~ —— e —— . . - _t{ 1, _—— - e e = e == - -
I I | [ | | | l 1 3
20 1 2 3 4 5 6 7 8% 10
10 . —— e ————_———— — — e e e e -
B d*, in. (mm) Py 1 Ib/in2 QV\N/m2>
O 015 (3.81) ~ 9200 (63.4) 07
O .10 254 ~ 14500 (100.0) —1
N 6 _Re
NRe,oo' 10 e
per m
per ft -
y8
5 Y I | N B { i 1 1
10 3
0 2 4 6 8 10 12 14 16 %10
0
T’[, 1 R
{c) Free-stream Reynolds number.
107 ]
5 -6
(NKn,oo>d 107
eff
10 7____ R I i . - i .. . - . S | R 1 1
0 2 4 6 8 10 12 14 16x10°
0
TR

(d) Free-stream Knudsen number,

Figure 16.- Concluded.

56



¢, in. (mm) p, 1 1b/in® (ranjm?) 1, R0
O 015 (3.81) = 3000 to 23 000 (20.7 to 158.6) = 3800 (2111)
g 15 381 = 9200 (63.4) = 1500 to 11 000 (833 to 6111)
o .10 2549 % 3700 to 19 500 (25.5 to 134.5) = 2600 (1444)
o .10 258 % 14500 (100.0) = 2000 to 8000 (1111 to 4444)
3
py 1o Kofm
| | | f [ | | - [ ]
0 5 10 15 20 25 30 35 0
ax107 S
o)
3+ o &
)
I /P 2 |-
t, 2/, 1 o
1L ﬂ[!
| | ! | | | 1 1
0 1 2 3 a 5 6 7 81672
3
pt, 1 slugs/ft
(a) Stagnation-pressure ratio.
70 ‘T
]
(]
60 | o
M, 50r 9 g
. 4
30 . 1 ] | 1 i ! —_
0 1 2 3 4 5 6 7 8x10°
P 1 slugs ft3

(b) Free-stream Mach number.

Figure 17.- Variation of stagnation-pressure ratio and Mach number averaged across the inviscid core with reservoir density at
station x = 122 in. (3.10 m).



2
pt, l’ MN /m

| T T 1 I D B 1
0 L, 60 90 120 150 180 210
oxw02 - . .
~ Nozzle center |i
0zZZle center {ine d*' in. (mm) Tt ’ OR (OK)
8 |- O 015380 380 (11D
O .10@58 = 2600 (1444)
6 |-
6*/x
4 -
2 L
8/ x
4L
2L
| S I 1 N I .. L _ . . 1 . R
0 4 8 12 2 28 32x10°

16 20
[ 2
pt' T lbﬁn

(b} Nozzle boundary-layer thickness.

Figure 18.- Variation of nozzie boundary-layer displacement thickness and nozzie boundary-layer thickness with reservoir pressure
at station x = 122 in, (3.10 m).

58



Tt, r K
{ i | [ ! ! ! I 1 3
0 2 1 2 3 4 5 6 7 8x10
10%10 —
Nozzle center line * . 2
_/ d, in. (mm) pt' 1 lb/m (MN/m )
gt O 015 3.81) = 9200 (63.4)
(] 10 2,54 = 14 500 (100.0)
6 -
i @/D/@/—-D -
T W
2 L
1 1 I | ! | I
0 2 4 6 8 10 12 14 16 % 103
0
Tt, 1 R
{a) Nozzle boundary-layer displacement thickness.
10% 1072 —
~ Nozzle center line
8 f—
T N
o/ x
4+
2 .
| | I | I I JR ——
0 2 4 6 8 10 12 14 16 % 103
0
T R

(b} Nozzle boundary-layer thickness.

Figure 19.- Variation of nozzle boundary-layer displacement thickness and nozzle boundary-layer thickness with reservoir temperature
at station x = 122 in. (3.10 m).

59



&/x

d*,in. (mm) P Ib/in® (MN/m2> T, RO

O 015 3.8 = 3000 to 23 000 {20.7 to 158.6) =~ 3800 (2111)

g 15 3.81) = 9200 (63.4) =~ 1500 to 11 000 (833 to 6111)

10 2,54) = 3700 to 19 500 (25,5 to 134.5) = 2600 (1444)

nf .10 (2,54) % 14500 (100,0) = 2000 to 8000 (1111 to 4444)

3
Y kg/m
o | T | | | | |

0 5 10 15 20 25 30 35 40
10x1072 —
il
o1 o

6]
2 -
- 1 BN ol 1 I |
0 1 2 3 4 5 6 7 gx 107
P 1 slugs f'(3
(a) Nozzle boundary-layer displacement thickness.

10x10”7

sk

6

4 —

2 f~

S t 1 . 1 I 1 I I 2
0 1 2 3 4 5 6 7 8x10

3
pt, 1 slugs/ft

(b} Nozzle boundary-tayer thickness.

Figure 20.- Variation of nozzle boundary-layer displacement thickness and nozzle boundary-layer thickness with reservoir density at

60

station x = 122 in. (3.10 m).



x =114 in, 2,9 m)

12x10 50
o d
o 009%09P0¢o0
8 d 0 |
B 2/ 1 Me
4 o 5 30 Pogododogpodos
q Po
0 20
N =118 in, 3.0 m)
12x10 x=eh e 50
q o o
8 oY o q b ° & Q4 20
P, z/pt,l M,
4 O Q 30 OnOY¥Yn o [OFaYORaY d
ol | o I 20
12x10"4 x=122 in, 3.1 m) 50
0 » OO
8 T o0 o e 40
P, o 1 5 M, .
4 o | 20 PoACPOD odn
¢
ol | I 20
-4 x =126 in. (3.2 m)
12x10 l 50
8 l e X ¢ © 40
P /P l “¢o00e?] M
%, 2/, 1 Lo
, 2L, o D [e¥oRel
[eX01% O
4 | o) 10 1 o)
e
oL 1 [ 2
12 -8 -4 0 ] 8 12 L2 -8 -4 0 4 8 12
y, in, y, in.
-3{1 -210 -110 ? 1? 20 30 30 2 -0 0 10 20 30
[ U F— | I | S
Y, cm Yy, cm

(@ d* = 0375 in. (9.53 mm); Tyq= 2400° R (1333 K).

Figure 2L.- Stagnation-pressure-ratio and Mach number profiles for various nozzle axial stations and nozzle-throat diameters;
P q ¥ 11500 Ib/in2 (79.3 MN/m2).

61



62

P, z/pt, 1

P2

P, 2P, 1

Py 2Py

6x107 —

6x10  —

6%10  ———

o
=

jo]u]

[¢]
|— Nozzle —- -

wall
Wia

-30 -20 -10
I

x=114in, 2 m)

50 ——
8R%paanlo
40
M M
@ b
30
=]
8 20 L—1
x =118 in, 3.0 m}
50
=]
84 po8B ]
40—
[0]
i M,
30—+
8 L
8 | ol
x =122 in. 3.1 m)
S0r—r
ome
o} @
g0l o0 ©
B My ]
30
al
o} I
g 11 a0
x =126 in, 3.2 m}
50
nmQg4 0
jujs] O
affy ggogo 0l—]
¢
[}
Moo
30
n Nozzle
h wlalll
5] _
0 a 8 12 N -8
y, in.
0 10 20 30 -30 -20
I | | ! L i
y, cm

omo8o o T Dab
i i
Different symbols denote repeat tests

R

o @E;OQDQQQG

ogofofopBne

seupofegong

-4 0 4

(b d* = 0.25 in. (635 mm); Ty = 26000 R (14440 K.

Figure 21.- Continued.

|




P2

)
Py 5B
12,1

I
P2

LYY

4 x =105 in, 2.7 m)

3%10° q o 7 60
"8yaeg? g - ‘
2 50
=]
8 " BY=TOto
[}
1 o] +— 40
Different symbols denote repeat tests
i i | ]
0 1o ol | 30
%1074 x =110 in, 2.8 m) 6
]
Q 4
Dgo@@m o]
2 — 50
M cHDQFOE;@cJDCJ
8 w0 1
S|
1 ——— 20
g jﬂ —
0 I |a g [I_] 30

4 x =114 in, 2.7 m)

3%10 & 60

o |

ogefod 2
2 R 50 b o

SN <]
8 8 ] M, 3" o
1 — 40
] (03] I

0 2 @ —J 30

x =118 in. 3.0 m)

3x107 60
2 50
neye B [:if®] o &
M
Yo
1 40
— Nozzle a
waIIl 8
27 -8 3y, -8 -4 0 1 8
y, in
-30 -20 -10 ] 10 20 30 -30 -20 -10 0 10 20
1 1 1 1 1 | 1 t ! 1 1 i i
y, cm y, cm

(¢ d* =0.15in. (3.81 mm); Ty~ 2800° R (1556° K).

Figure 21.- Continued.

63



64

P, 2/ P 1

P2 /"t, 1

Py, z/pt, 1

x =122 in. 31 m

3x107 60 I l \
8 ° | |
2 T 7 fefsd | - 50 HEmO
o 3] 8 ? o
° " nEn
1 ’ - 40
Different symbols denote repeat tests
f)_ £3 Jd —- s 1 1
| ol { | l
0 o - e BA—1 - 30 -

31074 L 60— -
1 1 O _ fago
T B4o8o9 50 gfo@fe
- g | M, _L
1 T 1 sl 4 - & -
1%
4 x =130 in, (3.3 m)
3x10 —-] - 60 _
- B e
T 08 S J 50 ne8nd4
z D|ooage 8
e ",
O 40
! o © o Nozzle
F—r Nozzle —{1— wally —1 I N
I/ wall q ]}
0 —L— - i 30
‘12 -8 -4 0 4 8 12 12 8 -4 0 4 8
¥, in. y, in.
-30 -20 -10 0 10 20 30 30 20 10 0 10 2
1 1 1 I L | L I a I
¥, cm y, cm

{c) Concluded.

Figure 21.- Concluded.




10x10

[ 2Pt 1

60

50 -

40

T

=
8 |

20
100

I~

P —

| | | T
28 3.0 32 3.4
d*, in. (mm)
O 0375 9.53)
O 25 (635
. 2 ?
O 15 (33D) Py 1 11500 ibfin? (79.3 MN/m)

Tt

Q’\-D—\@\E

1 1 I I 1 1 1
104 108 112 116 120 124 128

X, in.

(a) Stagnation-pressure ratio.

| i 1 | | | |
104 108 112 116 120 124 128

X, in.,

(b} Free-stream Mach number.

132

132

= 2400° to 2800° R (1333° to 1556° K)

136

136

140

140

Figure 22.- Axial variation of various flow parameters averaged across the inviscid core for several nozzle-throat diameters.

65



(d) Free-stream density ratio.

Figure 22.- Concluded.
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Figure 24.- Stagnation-pressure ratio and Mach number averaged across the inviscid core as functions of geometric-area ratio.
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Figure 29.- Empirical methods for predicting nozzle boundary-layer displacement thickness for a range of reservoir pressure and two nozzle-throat
diameters. (Symbols represent average values of data presented in fig. 18(a).)
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Figure 30.- Empirical methods for predicting nozzle boundary-layer displacement thickness for a range of reservoir temperature and

two nozzle-throat diameters. (Symbols represent average vafues of data presented in fig. 1%(a).)
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Figure 31.- Empirical prediction of nozzle boundary-layer displacement thickness as a function of geometric-area ratio.
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Figure 32.- Nozzle boundary-layer displacement thickness and nozzle boundary-layer thickness in terms of Reynolds number based
on a reference temperature.
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Figure 33.- Correlation of nozzle boundary-layer displacement thickness in terms of reservoir pressure, reservoir temperature,
and geometric-area ratio.
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Figure 34.- Correlation of Mach number in terms of reservoir pressure, reservoir temperature, and geometric-area ratio.
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Figure 35.- Surface pressure distribution on a 25° half-angle spherically bfunted cone.
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